Background: miR-21 is overexpressed in many human cancers, including glioblastoma. Results: Insulin-like growth factor (IGF)-binding protein-3 (IGFBP3) is a novel miR-21 target gene and inhibits gliomagenesis in vitro and in vivo. Conclusion: miR-21 down-regulates IGFBP3, which acts as a tumor suppressor in human glioblastoma. Significance: IGFBP3 may have promise as a therapeutic target and prognostic marker for glioblastoma.
oma data in The Cancer Genome Atlas (TCGA) showed that miR-21 expression inversely correlated with patient survival. Knockdown of miR-21 in GBM cells markedly inhibited tumor formation when injected subcutaneously as compared with control GBM cells. Although a number of known miR-21 targets were identified by microarray analysis, IGFBP3 was identified and validated as a novel miR-21 target gene. IGFBP3 is an insulin-like growth factor (IGF) binding protein. The IGF signaling pathway plays an important role in growth, development, and maintenance of homeostasis in normal cells. Accumulating evidence suggests that disruption of the IGF system has major implications for growth retardation, atherosclerosis, insulin resistance, and cancer, including malignant glioma (16) . The involvement of IGFBPs in cancer varies depending on the type of malignancy. For example, IGFBP2, IGFBP3, and IGFBP5 are associated with GBM more commonly than other brain tumors, suggesting they may play roles in glioma progression (17, 18) . Overexpression of IGFBP3 in glioma cells inhibited cell proliferation and inhibited tumor formation of glioma xenografts. Examination of RNA expression from GBM patients showed that there was an inverse relationship between IGFBP3 and miR-21 expression and that IGFBP3 expression correlated with patient survival. Our results identify IGFBP3 as a novel miR-21 target gene in glioma and suggest that high expression of miR-21 down-regulates the expression of IGFBP3 that acts as a tumor suppressor in human glioma.
MATERIALS AND METHODS

Biological Reagents and Cell Cultures-
The biological activity of recombinant human IFN␣ (IFNcon1, InterMune) was expressed in terms of international reference units/ml using the human NIH reference standard (19) . Antibodies against the following proteins were used: ANP32A, SPROUTY2, PTEN, and actin (Santa Cruz Biotechnology, Santa Cruz, CA); PDCD4, BTG2, and IGFBP3 (Abcam, Cambridge, MA); and AKT, IGF-1R, phospho-AKT, and phospho-IGF-1R (Cell Signaling Technology, Boston, MA). U87 (American Type Culture Collection), MT330 (UTHSC Department of Neurosurgery), and SJ-G2 (St. Jude Children's Research Hospital) GBM cell lines were grown in DMEM containing 10% fetal bovine serum (Hyclone Laboratories, Logan, UT) supplemented with penicillin (100 international units/ml) and streptomycin (100 g/ml) at 37°C with 5% CO 2 .
Gene Expression Analysis-Total RNA was isolated using RNeasy Mini kit (Qiagen) from empty vector and miR-21 knockdown (KD) cells, and miRNA expression profiling was conducted on the nCounter Analysis System (NanoString Technologies) using the human V2 miRNA assay kit, containing ϳ800 human miRNA probe sets derived from the miRNA database miRNA assay kit. In addition, 3-5 (1-m) curls were cut from brain biopsy specimens from ϳ40 GBM patients, RNA isolated using the RecoverAll TM Total Nucleic Acid Isolation kit (Ambion Inc.), and the expression of a panel of ϳ230 cancerrelated human genes was determined. In brief, total RNA was mixed with pairs of capture and reporter probes and hybridized on the nCounter Prep Station, and purified complexes were measured on the nCounter digital analyzer. To account for differences in hybridization and purification, data were normalized to the average counts for all control spikes in each sample and analyzed with nSolver software. Gene expression was further quantified by quantitative real time PCR (qPCR) as described previously (14) . For miRNA expression, total RNA (5 g) was reverse-transcribed into first-strand cDNA, and 40 ng of cDNA was used as a template for the PCR reaction with a forward primer specific to the mature miRNA sequence as described previously (14) . SYBR Green-based real-time PCR was performed on a Bio-Rad iCycler, and gene expression was normalized relative to U6 or ␤-actin expression for miRNA or mRNA, respectively.
Lentiviral Knockdown of miR-21 and IGFBP3 Expression and IGFBP3 Overexpression-To knockdown miR-21 expression, oligonucleotides against the mature sequence of miR-21 gene were cloned into the lentiviral vector pLenti-U6-pgkpuro and antagomiR-21 lentivirus produced as described previously (14) . To knock down IGFBP3 expression, miR-21KD GBM cells were transduced with the IGFBP33 short hairpin RNA (shRNA)-miR lentiviral vector pGIPZ, which contains a human miR-30 hairpin-based shRNA-miR structure against IGFBP3 (OPEN Biosystems). To overexpress IGFBP3, we purchased the IGFBP3 expression clone pReceiver-lv105, which contains a full open reading frame of the human IGFBP3 gene (Genecopoeia). GBM cells transduced with antagomiR-21 or IGFBP3 were selected with puromycin, and after selection stable pools with expression levels knocked down by Ͼ75% (see Fig. 2A ) were maintained in growth medium without puromycin.
Immunoblot Analysis-Total cell lysates (25 g) were separated by SDS-PAGE, transferred to polyvinylidene difluoride membranes (Millipore), and immunoblotted with the indicated antibodies, followed by IRDye800CW goat anti-mouse IgG or IRDye680 goat anti-rabbit IgG (LI-COR Biosciences). Blots were visualized on an Odyssey Infrared Imaging System (LI-COR Biosciences).
Construction of Luciferase Reporter Gene Plasmids and Reporter Assays-The 3Ј-untranslated region (UTR) of IGFBP3 was amplified by PCR from genomic DNA of human 293T cells. After digestion with XhoI and BamHI, the PCR product was purified and cloned into pcDNA3.1-luc, resulting in the wildtype IGFBP3 reporter plasmid, pcDNA3.1-Luc-wtUTR. The mutant IGFBP3 reporter plasmid pcDNA3.1-Luc-muUTR was constructed by mutating the binding sites of miR-21 in the 3Ј-UTR of IGFBP3 using PCR based site-directed mutagenesis according to the manufacturer's instructions (Stratagene). The primers for amplifying the wild-type 3Ј-UTR were 5Ј-GATAC-TCGAGGGGGTAGGAGGGACAGAGAG-3Ј and 5Ј-GCGG-ATCCAGCCATTCCTCCTTCCTGTT-3, and the primers for mutant construct were 5Ј-CAACTCAAGACGAAGCTTATT-TCTGAGGAATTCCTCTTTAAAGGCAAAGCTTTATTT-TCA-3 and 5Ј-GATGAAAATAAAGCTTTGCCTTTAAAG-AGGAATTCCTCAGAAATAAGCTTCGTCTTGAGT-3Ј. Reporter gene binding assays were performed by co-transfection of 293T cells using wild-type and mutant reporter plasmids pcDNA3.1-Luc-wtUTR and pcDNA3.1-Luc-muUTR with miR-21 overexpressing (or knockdown) plasmid, respectively. pSV40-Renilla plasmid was co-transfected as an internal control. The ratio of luciferase and Renilla activities was determined at 24 h post-transfection using the Dual-Luciferase reporter gene kit (Promega).
Tumor Formation in Mice-All animal experiments were performed in accordance with a study protocol approved by the Institutional Animal Care and Use Committee of the University of Tennessee Health Science Center. GBM xenografts were established in 5-week-old male NOD.Cg-Prkdc scid Il2rg tm1Wjl / SzJ (NSG) mice (The Jackson Laboratory) by injection of cells (1 ϫ 10 6 ) directly into the flanks (15) . Tumors were measured weekly with a handheld caliper. At the end of treatment the animals were sacrificed, and the tumors were removed, weighed, and subjected to analysis by immunofluorescent staining on Zeiss LSM700 laser scanning confocal microscope or gene expression by qPCR.
TCGA Data Query-To examine the relationship between miR-21 and IGFBP3 expression in human GBM brain tissue, we queried the TCGA data portal (https://tcga-data.nci.nih.gov/ tcga/tcgaCancerDetails.jsp?diseaseTypeϭGBM&diseaseNameϭ Glioblastoma multiforme) for all GBM samples with level 3 miRNA (UNC_H-miRNA_8 ϫ 15K) and gene (BI_HT_HG-U133A Array Data Set) expression data available, as well as the accompanying clinical data. The data set was filtered for samples having expression data for miR-21, IGFBP3, and clinical data, yielding a final set of 418 independent patient samples. Statistical analyses were performed using Graphpad Prism.
Statistical Analyses-At least three independent experiments were performed in duplicate, and data are presented as means Ϯ S.D. Analysis of variance and post hoc least significant difference analysis or Student's t tests were performed. p values Ͻ 0.05 (*), 0.01 (**), and 0.001 (***) were considered statistically significant.
RESULTS
miR-21 Expression in GBM Cell Lines and Tumor
Tissue-To examine miR-21 expression in various human tumor cell lines, total RNA was isolated from human cell lines representing GBM (U87, MT330, and SJ-G2), prostate cancer (DU145 and PC-3), and melanoma (SK-MEL188 and WM164) as well as from normal human skin fibroblasts. Expression of miR-21 was determined by qPCR. As shown in Fig. 1A , although basal miR-21 expression varied among the different tumor cell lines, miR-21 was more highly expressed in GBM lines as compared with other human cancer cell lines and normal fibroblasts. Furthermore, using a platelet-derived growth factor-driven mouse glioblastoma model (20) , we found miR-21 was markedly overexpressed in tumor tissue as compared with normal brain tissue (Fig. 1B) . We next used bioinformatics to analyze The Cancer Genome Atlas (TCGA) database to determine the relationship between glioma grade and miR-21 expression in patient samples (Fig. 1C) . Statistically significant higher miR-21 expression was found in tumor tissue from GBM patients as compared with low-grade glioma. To determine whether there was a relationship between patient survival and GBM diagnosis, brain biopsy specimens from 36 GBM patients representing longer term (Ͼ2 years) and shorter term (Ͻ1 year) survival after diagnosis were obtained from the UTHSC Tissue Services Core, RNA was isolated, and miR-21 expression was determined. Despite the expected patient-to-patient variability, higher miR-21 expression was found in patients that survived Ͻ1 year (Fig. 1D) . Taken together, these results indicate that miR-21 is overexpressed in GBM and that high miR-21 expression is associated with poor patient survival.
Characterization of IGFBP3 as a miR-21 Target Gene-To study the biological function of miR-21 in GBM, GBM cell lines were transduced with antagomiR-21, and stable pools of cells were isolated in which miR-21 expression was knocked down by Ͼ75% (Fig. 2A) . We previously showed that the cytokine IFN induced miR-21 expression in a variety of cell lines (14) . IFN treatment (1000 international units/ml for 5 h) induced FIGURE 1. High miR-21 expression is observed in GBM cell lines, and in vivo is associated with poor patient survival. miR-21 expression was determined by qPCR on total RNA extracted from human U87, MT330, SJ-G2 glioma, SKMEL188 and WM164 melanoma, DU145 and PC3 prostate cancer cell lines, and normal skin fibroblasts (HF) (A) or tumor and normal (norm) brain tissue obtained from a mouse model of human glioma (B) (20) . Expression was normalized to U6 RNA expression, and the data represent the mean Ϯ S.D. of at least three experiments performed in duplicate. C, miR-21 expression in the TCGA database of GBM and low-grade glioma (LGG) patient samples was compared. D, RNA extracted from GBM patient biopsies was assayed for miR-21 gene expression by qPCR (n ϭ 3), and expression plotted as a function of patient survival after diagnosis (long term, Ͼ2 years; short term, Ͻ1 year).
miR-21 expression in the human GBM cell lines, and miR-21KD abrogated IFN-induced miR-21 expression ( Fig. 2A) . In contrast, although IFN also induces miR-100 and miR-125 expression in GBM cells, miR-21KD had no effect on IFN induction of these miRNAs, demonstrating the specificity and selectivity of miR-21KD (data not shown). To define the effect of miR-21KD on known target genes in GBM, whole cell lysates were prepared from control and antagomiR-21-transduced GBM cells, and protein expression was determined by immunoblotting. As shown in Fig. 2B , although PTEN expression was higher in MT330 and SJ-G2 miR-21KD cells as compared with empty vector-transduced cells, PTEN expression was absent in U87 cells due to a mutation in both PTEN alleles that is common in GBM (21). In contrast, Anp32A, Sprouty2, and PDCD4 expression was higher in all miR-21KD GBM cells. Thus, consistent with our previous studies, miR-21 regulates target gene expression in a highly cell line-dependent manner (14, 15) .
An important mechanism whereby miRNAs regulate gene expression is by targeting mRNAs for degradation. To identify novel miR-21 target genes in GBM, the expression of ϳ230 cancer-related genes was examined in RNA prepared from empty vector and miR-21KD GBM cells. As shown in the heat map displayed in Fig. 3A , the expression of several mRNAs was consistently up-regulated in miR-21KD GBM cells, suggesting that they may be direct miR-21 targets. For example, consistent with our immunoblotting data shown in Fig. 2C , PTEN was up-regulated in miR-21KD MT330 and SJ-G2 GBM cell lines but not in U87 cells. Most interestingly, IGFBP3 was up-regulated in all three GBM lines examined. Thus, we next performed immunoblotting of cell extracts and found that IGFBP3 expression was higher in miR-21KD GBM cell lines (Fig. 3B) . Similarly, immunostaining of miR-21KD cells showed enhanced IGFBP3 expression (data not shown). miRNAs target mRNAs for degradation by the binding of their 5-8 nucleotide seed sequence to the 3Ј-UTR of target genes. Thus, we examined the 3Ј-UTR of IGFBP3 and found that a miR-21 binding sequence was indeed present (Fig. 3C) . To determine whether IGFBP3 was a direct miR-21 target, the 3Ј-UTR of IGFBP3 mRNA containing the predicted miR-21 target sequence as well as a mutated sequence were linked to luciferase, and a Dual-Luciferase (pcDNA3.1-Luc) reporter system was employed to evaluate miRNA-mRNA interactions. Overexpression of miR-21 in HEK293T cells downregulated luciferase activity of the IGFBP3 reporter constructs, whereas miR-21KD enhanced reporter activity (Fig.  3C) . In contrast, luciferase constructs with mutated miR-21 seed target sequences in IGFBP3 were unaffected by miR-21KD or overexpression. These results show that IGFBP3 is a direct miR-21 target gene in GBM.
IGFBP3 Negatively Regulates IGF Signaling in Glioma CellsBecause IGFBP3 has been shown to suppress cell proliferation by binding IGF and thereby inhibiting its growth promoting activity (16), we next examined IGF activity in conditioned medium prepared from control, IGFBP3-overexpressing, and miR-21KD SJ-G2 cells and determined its ability to stimulate the proliferation of serum-starved SJ-G2 cells. As shown in Fig.  4A , medium collected from EV-transduced cells stimulated the growth of serum-starved GBM cells. In contrast, conditioned medium prepared from miR-21KD and IGFBP3 overexpressing cells was markedly less effective in stimulating cell growth. We next added recombinant human IGF-1 to serum-starved glioma cells and measured IGF-1 receptor activation by phospho-IGF-R1 immunoblotting. As shown in Fig. 4B , IGF-1 (50 ng/ml) induced a time-dependent increase in IGF-1R activation with activation detectable at 5 min and peaking within 30 min. In contrast, IGF-R1 activation was only detectable at later times after IGF-1 addition to IGFBP3-overexpressing or miR-21KD cells. BMS-754807 is a potent small molecule inhibitor of the insulin-like growth factor 1 receptor and is currently in clinical trials for the treatment of a variety of human cancers (22) . We examined the effect of BMS-754807 on IGF-1-induced phosphorylation of IGF-1R and its downstream target Akt (Fig. 4C) and found a dose-dependent inhibition of these components of the IGF-1R pathway similar to what had been reported previously (22) . Based on these findings, we treated SJ-G2 cells with this IGF-1R inhibitor and determined whether it exhibited a growth suppressive effect. Most interestingly, although BMS-754807 inhibited the growth of SJ-G2 glioma cells (Fig. 4D) , it had no further growth suppressive effect on cells overexpress- ing IGFBP3 or miR-21KD cells. These results suggest that the miR-21/IGFBP3 pathway plays a critical role in regulating glioma cell proliferation driven by IGF.
IGFBP3 Inhibits GBM Tumor Formation, and Its Knockdown Enhances the Tumorigenicity of miR-21KD GBM Cells-
We then sought to determine whether overexpression of IGFBP3 could affect the tumorigenicity of GBM cells in vivo. NSG mice were injected subcutaneously with MT330 GBM cells, and tumor volume was determined by caliper measurement. As shown in Fig. 5A , the formation of tumors was markedly suppressed by IGFBP3 overexpression, and this reduction in GBM tumorigenesis was statistically significant. Moreover, when tumors were weighed at 7 weeks after injection, there was ϳ65% reduction in tumor weight in mice injected with IGFBP3-overexpressing GBM cells. Histopathological analysis of tumor tissue indicated that EV and IGFBP3-overexpressing tumors were both high-grade gliomas and were histologically similar.
Moreover, we found that miR-21KD markedly inhibited GBM tumor formation (Fig. 5B) , which was not surprising as we previously showed that miR-21KD inhibited tumorigenicity of prostate cancer cells and melanoma (14, 15) . As IGFBP3 expression is up-regulated by miR-21KD, we next examined whether IGFBP3 plays a direct role in the action of miR-21 on GBM tumorigenesis. Thus, IGFBP3 expression in miR-21KD MT330 cells was knocked down by ϳ80% (data not shown), and the cells were injected into the flanks of NSG mice. As shown in Fig. 5B , transduction of miR-21KD cells with IGFBP3 shRNA restored the tumorigenicity to that of EV-transduced MT330 cells. In contrast, transduction of cells with scrambled shRNA had no effect on the tumorigenicity of miR-21KD cells. These results demonstrate that IGFBP3KD restores GBM tumorigenesis, and thus IGFBP3 is an important miR-21 target in GBM. Moreover, as anticipated, IGFBP3KD rescued the effects of miR-21 on the IGF-1 signaling pathway as detected by IGF-1R phosphorylation (Fig. 4B) . Consistent with the data from MT330 cells grown in vitro, whereas IGFBP3 expression was increased in miR-21KD MT330 tumors, IGFBP3 expression was knocked down in GBM tumors from miR-21KD MT330 cells transduced with IGFBP3 shRNA (data not shown). A, total RNA was prepared from EV and miR-21KD human glioma cells, and mRNA expression profiling was conducted on the nCounter Analysis System (Nanostring Technologies) using a human cancer-related gene panel. B, lysates were prepared from EV and miR-21KD human glioma cells and immunoblotted for IGFBP3 and actin. C, 293T cells were transiently cotransfected with wild-type (pcDNA3.1-Luc-wtUTR) or mutant (pcDNA3.1-Luc-muUTR) IGFBP3 reporter plasmids, and with EV, overexpressing or miR-21KD plasmid. pSV40-Renilla plasmid was cotransfected as an internal control. The ratio of luciferase and Renilla activities was determined at 24 h post-transfection using the Dual-Luciferase reporter gene kit (Promega).
The miR-21/IGFBP3 Pathway in Glioblastoma SEPTEMBER 5, 2014 • VOLUME 289 • NUMBER 36 Fig. 1D , higher miR-21 expression correlates with short term survival of GBM patients from analysis of the TCGA database. We next sought to determine the relationship of IGFBP3 expression to patient survival after diagnosis with GBM. As shown in Fig. 6A , higher IGFBP3 expression was found in patients that survived more than 2 years after GBM diagnosis as compared with patients that survived for shorter times, and this difference was statistically significant. To directly determine the relationship between miR-21 and IGFBP3 expression, brain biopsy specimens from 36 GBM patients that represented long term and short term survival after diagnosis were obtained from the UTHSC Tissue Services Core, RNA was isolated, and expression of miR-21 and IGFBP3 was determined. As shown in Fig. 6B , although there was expected patient-to-patient variability, there was a statistically significant inverse correlation between miR-21 and IGFBP3 expression. Taken together, the results from the TCGA database and our own analysis of GBM specimens showed that IGFBP3 is a positive indicator of GBM survival and that miR-21 and IGFBP3 expression are negatively correlated. 
IGFBP3 Expression Correlates with Longer Patient Survival in GBM and Inversely Correlates with miR-21 Expression-As shown in
DISCUSSION
GBM is the most aggressive and deadly form of glioma. Despite improved molecular characterization and aggressive surgery, radiation, and chemotherapy, the median survival of GBM patients remains only 12 to 15 months. Thus, identification of new molecular targets in GBM may lead to improved therapeutic approaches. In the present study, we analyzed the relationship between miR-21 expression in GBM and patient prognosis. We found that miR-21 was expressed at higher levels in GBM cell lines as compared with normal cells (fibroblasts and astrocytes) and that miR-21 expression was elevated in tumor tissue in a mouse model of human glioma. We then examined the relationship between miR-21 expression and glioma tumor grade and patient survival based on samples from the UTHSC Tissue Services Core and information in the TCGA database. High miR-21 was found to be associated with shorter term survival. This is not surprising based on the previous findings that relatively high miR-21 levels were found in various human tumors and miR-21 appears to play an important role in the oncogenic process as indicated by its association with high cell proliferation, low apoptosis, high invasion, and metastatic potential (6 -12) . miR-21 is believed to play an important role in cancer development as well as in the resistance of cancers to chemotherapy and radiation. For example, we recently showed that miR-21KD sensitized cells to the apoptotic actions of chemotherapeutic agents and inhibited the metastatic potential of melanoma cells (14, 15, 23) .
A number of miR-21 target genes have been described previously, including PTEN, PDCD4, etc. We found that miR-21KD in several glioma cell lines up-regulated the expression of these miR-21 target genes in a cell line-dependent manner, demonstrating that these genes are truly miR-21 targets. We then performed gene expression analysis of a cancer-related gene panel on RNA samples derived from control and miR-21KD GBM cell lines to identify new miR-21 target genes. By this approach, we identified that IGFBP3 was up-regulated upon miR-21KD in several GBM cell lines, indicating that it was a potential miR-21 target gene. By luciferase reporter assays driven by wild-type and mutant 3Ј-UTR of IGFBP3, we showed that IGFBP3 expression was directly regulated by miR-21 expression. The present study is the first to show that IGFBP3 is a miR-21 target gene. The family of IGFBPs is comprised of six members (IFGBP1-6), which bind to and regulate the functions of IGFs. By modulating the bioavailability of IGFs, IGFBPs regulate tumor growth and invasion (24) . Overexpression of soluble and its receptor IGF-1R has been detected in several cancers, including prostate cancer, melanoma, and GBM (25) (26) (27) (28) . IGFR1 signaling has also been found to mediate resistance to chemotherapy and radiation (29 -32) . IGF-1 has been implicated in tumor resistance to radiation and chemotherapy (31, 33) and is associated with poor prognosis in GBM (25) . Our studies showing that IGFBP3 negatively regulates IGF-1R signaling and is associated with better prognosis (better patient function and longer survival) are especially important, as IGFBP3 is the major binding protein and regulator of IGF-1 ligand bioavailability. Moreover, IGFBP3 reportedly can inhibit or enhance the activity of IGF-1R signaling in various cancers (34, 35) .
IGFBP3 plays a critical role in many cancers, including GBM. For example, IGFBP3 was found to be among a group of serum markers in GBM associated with prolonged survival (15 months) after tumor resection in a cohort of 23 patients (36). IGFBP3 reportedly can have antiproliferative or growth promoting actions on tumor cells (34) . In our study, we found that IGFBP3 overexpression inhibited cell proliferation. Moreover, we found that high IGFBP3 expression in GBM was associated with better patient prognosis as indicated by increased survival postoperatively. Consistent with our findings are the studies showing that IGFBP3 has tumor-suppressive properties (37) and that increased serum levels of IGFBP3 are associated with better prognosis in prostate cancer (38) . Low IGFBP3 expression in patients with esophageal tumors correlates with higher tumor grade, advanced stage, and poor survival (39) . Moreover, in patients with colorectal cancer, higher circulating IGFBP3 levels are associated with a greater response to chemotherapy and better overall survival (40) . Due to its central role in cancer cell signaling, IGF-1R has become an attractive therapeutic target, and various strategies targeting IGF-1R are being presently FIGURE 6 . High IGFBP3 expression in vivo is associated with better patient survival. A, IGFBP3 expression in the TCGA database of GBM patient samples was related to patient survival after diagnosis as indicated. B, RNA was extracted from 36 GBM patient biopsies, representing long term and short term survival after diagnosis. The expression of miR-21 and IGFBP3 was determined by qPCR (n ϭ 3) and normalized to the expression of U6A and actin, respectively (14) .
tested (41) . We found that both miR-21KD and IGFBP3 overexpression are inhibitory to IGF-1R phosphorylation and IGF-1 signaling. In addition, the IGF-1R antagonist BMS-754807 inhibited glioma cell proliferation but had little effect on the proliferation of either miR-21KD or IGFBP3-overexpressing glioma cells. Therefore, future studies should be directed to test whether small molecule inhibitors of IGF-1R synergize with cytotoxic and targeted agents in GBM. Finally, we showed in GBM tumor biopsies that IGFBP3 and miR-21 expression was inversely correlated and that low miR-21 and high IGFBP3 expression was associated with improved patient performance and longer survival. Thus, IGFBP3 and miR-21 may have diagnostic and prognostic utility in GBM. In summary, we identified IGFBP3 as a novel miR-21 target gene in GBM, and characterized the role of the miR-21/IGFBP3 axis in glioma, which suggests that miR-21 promotes tumorigenesis in GBM through suppressing the expression of the tumor suppressor IGFBP3.
